Human cytomegalovirus (HCMV), a member of the Betaherpesvirinae subfamily, is a threatening pathogen for immunocompromised patients, such as transplant recipients, AIDS patients, and conatally infected infants (15) . HCMV infection of individuals with a compromised immune system causes considerable morbidity and mortality after primary infection or reactivation from latency.
Mature HCMV virions comprise four distinct structures: core, capsid, tegument, and envelope. The nucleocapsid consists of the core containing the approximately 240-kb linear double-stranded DNA genome, which is embedded in an icosahedral capsid. Between the envelope, a cellularly derived lipid membrane containing viral glycoproteins, and the nucleocapsid, a protein layer called tegument (26) , is located. The tegument of HCMV is composed of at least 25 viral proteins. Tegument proteins have been proposed to act in several processes, such as immune evasion (reviewed in reference 30), release of viral DNA into the nucleus (6) , and initiation and regulation of the viral replication cycle (3, 7, 16, 31, 41) . However, for many of the tegument proteins, the morphogenetic or regulatory functions are unknown. An increasing number of host cell proteins, e.g., cytoskeletal proteins such as ␣-and ␤-actin, have also been detected in HCMV particles (4, 39) . In addition to infectious virions, HCMV-infected cells generate two types of aberrant particles: noninfectious enveloped particles (NIEPs) and dense bodies (DBs) (18) . The protein composition and morphology of NIEPs are nearly identical to those of mature virions; however, their lack of an electrondense DNA-containing core allows discrimination of NIEPs from infectious virions by electron microscopy (18) . DBs are fusion-competent enveloped particles lacking a nucleocapsid. They are composed primarily of the tegument protein pp65 (ppUL83) (4, 18, 39) .
For a long time, the herpesvirus tegument has been considered to be unstructured. Data mainly from alphaherpesviruses indicate that morphogenesis depends on an intricate network of tegument protein-protein interactions (reviewed in reference 23). Interestingly, for most tegument proteins of alphaherpesviruses relevant for primary tegumentation and envelopment, homologues have been found in HCMV, whereas there is much less homology between the proteins involved in secondary tegumentation and envelopment. Cryoelectron microscopic analyses of herpesvirus particles, including HCMV, provide evidence for an icosahedral symmetry and proteinprotein complexes forming substructures, at least for the innermost part of the tegument (11) .
Remarkably, the most abundant tegument protein and major constituent of extracellular virions, pp65, is not essential for virus replication in fibroblasts in vitro. Deletion of pp65 in HCMV strain AD169 causes a complete loss of DB formation, while production of infectious virus in fibroblasts appears to be unaffected (34) . Wild-type virus particle-associated pp65 is rapidly translocated to the nuclei of infected cells after penetration of the incoming virus (4, 33) . Newly synthesized pp65 accumulates in both nucleus and cytoplasm at later stages of infection. In all, the precise function of pp65 during infection is not clear.
During HCMV infection, pp65 is a major antigen for cellular immune responses. Besides its function as a structural component of the virus, pp65 seems to be involved in manipulation of the host's immune system. Recent reports provide evidence that pp65 is involved in subverting the host immune response by mediating a decreased expression of major histocompatibility complex class II molecules (27) . Microarray studies demonstrating an increase in the cellular antiviral cytokine response during infection with a pp65 deletion mutant suggested that pp65 is involved in downmodulation of beta interferon and of a number of chemokines (1, 8) . However, most recent work demonstrates that not pp65 but the immediate-early 2 (IE2) gene product IE86 is responsible for the block of beta interferon induction during HCMV infection and that IE86 expression is delayed in the pp65 deletion mutant due to a decreased expression of pp71 (36) . It has also been shown that pp65 can directly interact with NKp30, the natural killer (NK) cell-activating receptor, and that this interaction leads to a general inhibition of the killing ability of NK cells (2) . Because of the requirement of cell-free pp65, the relevance of this interaction during HCMV infection in vivo is not entirely clear and needs to be investigated in more detail.
Another feature of pp65 is the ability to interact with cellular as well as viral proteins. The interaction of pp65 with the cellular Polo-like kinase 1 (Plk1) results in an incorporation of Plk1 into virus particles. Plk1 is able to phosphorylate pp65 in vitro (14) . Recently, it has been shown that pp65 interacts directly with the viral protein kinase pUL97 (20) . pUL97 seems to be required for normal intranuclear distribution of pp65. Inhibition of the pUL97 kinase activity with maribavir or mutation of an essential amino acid in the kinase domain results in accumulation of pp65 in characteristic inclusions in the nuclei of infected as well as transfected cells (28) .
To extend our knowledge about pp65 and its function, we investigated the composition of endotheliotropic HCMV particles in the absence of the most abundant tegument protein, pp65. We hypothesized that other viral or cellular proteins might compensate for the lack of pp65 in virus particles, as described for tegument mutants of pseudorabies virus (25) . The results presented here, using a pp65 stop codon mutant of the endotheliotropic HCMV strain TB40/E, demonstrate that in contrast to our hypothesis, incorporation of at least three other HCMV tegument proteins, pUL25, pUL69, and pUL97, is severely impaired when pp65 is lacking. For pUL69, a direct interaction with pp65 could be shown in infected as well as transfected cells. These results show that pp65 interacts with other viral tegument proteins during infection, which in turn is important for the incorporation of these proteins into mature virus particles. Finally, for the first time, we could show a cell-specific biological relevance of pp65 for growth of HCMV in monocyte-derived macrophages (MDM).
chased from Clonetics (BioWhittaker, Walkersville, MA) and cultured in endothelial cell basal medium supplemented with 5% fetal calf serum and growth factors (EGM-MV SingleQuots; BioWhittaker). The MDM used in this study were produced from at least three different blood donors. Briefly, monocytes were isolated from buffy coats of HCMV-seronegative blood donors by negative selection with magnetic microbeads according to the manufacturer's instructions (monocyte isolation kit II; Miltenyi Biotec, Bergisch Gladbach, Germany). A total of 3 ϫ 10 6 monocytes/ml were then cultured for 7 days in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM glutamine, antibiotics, and 100 ng/ml macrophage colony-stimulating factor (R&D System, Minneapolis, MN) on hydrophobic Lumox dishes (Greiner Bio-One GmbH, Frickenhausen, Germany). The differentiation of MDM occurred over a period of 7 days and was evaluated by morphological criteria, phagocytosis, and flow cytometric analysis.
MRC-5 cells were used for virus reconstitution after electroporation of bacmid DNA isolated from Escherichia coli using Nucleobond AX columns (Machery & Nagel). For electroporation, MRC-5 cells from one 75-cm 2 flask were trypsinized, washed one time with phosphate-buffered saline (PBS), and resuspended in 250 l Dulbecco modified Eagle medium without antibiotics. Two to 3 micrograms of bacmid DNA together with 1 g of pp71 expression plasmid pCMV71 (32) in a total volume of 40 l distilled water were mixed with the cells, transferred to an electroporation cuvette (4 mm), and electroporated at 260 V and 1,050 F. HFF were used for further viral propagation, including study of growth kinetics and virus titrations. To determine viral growth characteristics, HFF were infected at an MOI of 10 (high multiplicity) or 0.01 (low multiplicity) PFU/cell. After 2 h of incubation, the inoculum was removed and cells were washed three times with PBS to remove remaining virus before addition of complete medium. Samples were taken once a day for 7 days (high-multiplicity infection) or once every 3 days for 3 weeks (low-multiplicity infection), and titers were determined by plaque assay on HFF.
Antibodies. HCMV-encoded proteins were detected with monoclonal antibodies (MAbs) or polyclonal rabbit antiserum in Western blot analyses or coimmunoprecipitation experiments. The MAbs used in this study included those directed against the major capsid protein (MCP) (UL86, MAb 28-4), pUL69 (UL69, MAb 69-66), pp28 (UL99, MAb 41-28), gB (UL55, MAb 27-287), and pp65 (UL83, MAb 65-33) (all kindly provided by W. Britt, University of Alabama, Birmingham, AL); pp150 (UL32, XP-1) (19); and pUL48 (UL48, 5GI) (kindly provided by T. Shenk, Princeton University, Princeton, NJ) (6). Generation of the polyclonal mouse antibody directed against pUL25 has been previously described (5) . Generation of the rabbit antiserum specifically recognizing pUL69 (UL69) has been previously described (41) . The rabbit antiserum directed against pUL97 was generated and described previously (20) . The MAb reactive with actin was purchased from Sigma (St. Louis, MO), while MAb 9E10 (13) was used to detect the Myc tag.
Western blot analyses. For Western blot analyses, HFF were infected using an MOI of 1, and cell lysates were prepared at 5 days postinfection (p.i.). Gradientpurified virions or lysates from infected cells were mixed with sodium dodecyl sulfate (SDS) sample buffer and boiled for 5 min prior to electrophoresis using 10 to 12% SDS-polyacrylamide gels. After separation, proteins were either silver stained using a standard staining procedure or transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore) by the semidry method (21) . Free binding sites on the sheets were blocked by addition of 5% skim milk in PBS containing 0.3% Tween 20 before the antibodies (suspended in PBS-0.3% Tween 20 with 0.5% skim milk) were added. Bound antibodies were detected with goat anti-mouse or goat anti-rabbit horseradish peroxidase-conjugated antibodies (Pierce) and visualized by enhanced chemiluminescence (Immobilon Western HRP substrate; Millipore). Protein bands on the blots were quantified using Quantity One version 4.3.1 quantification software (Bio-Rad).
Coimmunoprecipitation. For coimmunoprecipitation, HFF were infected with an MOI of 1. Infected cells for each virus were collected from at least three 175-cm 2 flasks at 96 h p.i. and washed two times with PBS before lysis in 5 ml NP-40 lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1ϫ Complete protease inhibitor mix [Roche, Mannheim]). After incubation on ice for 20 min, the lysate was cleared by centrifugation for 10 min at 6,000 rpm. Virus particles were removed from the cleared lysate by ultracentrifugation at 23,000 rpm for 1 h. A preclearing was then performed using 400 l of protein A-Sepharose CL-4B (30 mg/ml; Amersham Biosciences), followed by an incubation of 1 h at 4°C under constant shaking. After centrifugation at 6,000 rpm for 10 min to pellet the protein A-Sepharose, a 150-l aliquot was taken as a lysate control. For the immunoprecipitation, 500-l aliquots of the precleared lysate were taken, added to 300 l of lysate buffer with antibody, and incubated for 1 h at 4°C. Protein A-Sepharose (40 l) was then added, followed by additional shaking for 1 h at 4°C. Bound protein complexes were collected (5,000 rpm, 5 min, 4°C) and washed three times with 700 l lysis buffer. The remaining liquid was completely removed after a final centrifugation at 13,000 rpm. The pellet was resuspended in 2ϫ SDS buffer (80 mM Tris-HCl [pH 8.8], 2 mM EDTA, 400 mM sucrose, 0.4 mM dithiothreitol, 0.4% SDS, 0.1% bromphenol blue) before loading onto polyacrylamide gels to separate precipitated proteins.
For coimmunoprecipitation from transfected cells, 293T cells were seeded in six-well plates at 70% confluence the day before transfection. The next day, the cells were transfected using Lipofectamine LTX (Invitrogen) with 1.25 g of each plasmid according to the manufacturer's protocol. After an incubation of 4 to 12 h, cells were washed one time with PBS to remove the liposome DNA mixture and incubated with fresh medium. At 48 h posttransfection, cells were collected and washed two times with PBS. Cell lysis was performed as described above using 500 l of lysis buffer. The subsequent steps were identical to those for infected cells except that no ultracentrifugation was needed. The cell lysate was also precleared with 40 l protein A-Sepharose before collection of the lysate control and addition of the antibodies.
Electron microscopy. For electron microscopy, MRC-5 cells as well as HU-VEC were grown on carbon-coated sapphire discs (3-mm diameter; Engineering Office M. Wohlwend GmbH, Switzerland) and infected with an MOI of 1 PFU/ cell. High-pressure freezing was performed at 5 days p.i. with the HPF 01 freezing apparatus (Engineering Office M. Wohlwend GmbH, Switzerland). Freeze-substitution (40) and embedding were performed as described previously (9, 10) . After thin sectioning, samples were imaged with a Zeiss EM10 or a Philips 400 transmission electron microscope at an acceleration voltage of 80 kV.
Infectivity assay. MDM from three different donors or HFF were seeded in -Slide eight-well plates (Ibidi, Martinsried, Germany) and infected with wildtype, v65stop, or v65rev virus at an MOI of 1. The amount of virus in the inoculum was controlled by titration on HFF. After 24 h p.i., cells were fixed, permeabilized, and stained for HCMV IE1/2 (Argene) and DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Sigma-Aldrich). Fluorescence microscopy was performed with a Zeiss Observer Z1 microscope, and the percentage of IE-positive cells was determined by counting at least 10,000 cells from three independent experiments.
RESULTS

Construction and propagation of a pp65 stop codon mutant.
Previous reports on pp65 (UL83) deletion mutants based on the nonendotheliotropic laboratory HCMV strain AD169 suggested that deletion of UL83 from the viral genome in some way alters the expression of the downstream-located UL82, encoding pp71. We could overcome these unwanted effects by generating a UL83 stop mutant (36) . To explore the role of the UL83-encoded protein pp65 as a structural component of the virus particle and to test a pp65 mutant in cells other than fibroblasts, we generated a pp65 stop codon mutant using an infectious clone of the highly endotheliotropic HCMV strain TB40/E. As depicted in Fig. 1A , two stop codons were introduced in the open reading frame of UL83 30 bp downstream of the UL83 start codon. The resulting recombinant HCMV bacmid was termed 65stop. In addition, a revertant bacmid, 65rev, in which the two stop codons of 65stop were restored to the wild-type sequence (M12 and I13) was generated.
Both bacmids, 65stop and 65rev, were compared with the wild-type bacmid by restriction enzyme analysis (Fig. 1B) . The insertion of the two stop codons in 65stop eliminated an EcoRV restriction enzyme site of UL83, leading to the fusion of the two UL83-containing EcoRV fragments of 15,956 and 1,021 bp in size. The resulting new 16,980-bp EcoRV fragment reflected the alteration of the UL83 sequence in bacmid 65stop. The loss of the 16,980-bp EcoRV fragment and reappearance of the 15,956-bp EcoRV fragment confirmed the restoration of the EcoRV restriction enzyme site in the revertant bacmid 65rev (Fig. 1B) . Additional digests with BglII and EcoRI showed that spurious rearrangements had not occurred during the recombination procedures (data not shown). Finally, proper mutation as well as restoration and sequence integrity of both the 65stop and the 65rev bacmids were further confirmed by DNA sequencing of the region that was mutated. These results showed the successful cloning of a pp65 stop codon mutant and its respective revertant bacmid in the backbone of the endotheliotropic HCMV strain TB40/E.
Wild-type virus, mutant virus v65stop, and revertant virus v65rev were reconstituted in MRC-5 cells and further analyzed.
The lack of pp65 causes changes in the overall virion composition. It had been previously reported that the compositions of a UL83 deletion mutant and wild-type virions were indistinguishable (34) . This is surprising in view of the fact that the major constituent of the tegument is missing in particles of the UL83 deletion mutant. Therefore, we examined the composition of gradient-purified virions of v65stop in comparison to wild-type and revertant viruses in greater detail. Extracellular particles of wild-type, v65stop, and v65rev viruses were gradient purified twice using glycerol-tartrate gradients. As described previously for a UL83 deletion mutant (34), gradients of v65stop showed two bands corresponding to NIEPs and virions but were devoid of DBs (data not shown). To ensure a proper comparison of v65stop with wild-type and v65rev virions, gradient-purified viruses were examined by electron microscopy before biochemical analysis to exclude DB contamination and to confirm the purity of the virion fractions. The negatively stained virion preparations showed a fairly homogeneous mixture of particles of the size, shape, and typical morphology expected for HCMV virions (data not shown).
As shown in Fig. 2A , comparable amounts of purified wildtype, v65stop, and v65rev virions were separated by SDS gel electrophoresis and bands were visualized by silver staining.
Similar signal intensities of the protein bands corresponding to the large tegument protein pUL48, MCP, and the UL32-encoded pp150 were verified by Western blot analysis (data not shown), confirming equal loading onto the polyacrylamide gel. Apart from the absence of the band corresponding to pp65 in v65stop virions, the majority of virion proteins appeared to be present in approximately equal quantities compared to wildtype and revertant virions. This leads to the conclusion that other tegument proteins do not compensate for the lack of pp65 in virions by increased incorporation. To our surprise, we noticed that some proteins migrating at a molecular mass of between 75 and 100 kDa were missing in v65stop virions.
These results suggested that in the absence of pp65, the virion composition is indeed altered such that several other proteins are lacking or are less efficiently incorporated into virus particles.
Incorporation of pUL69, pUL97, and pUL25 into virus particles depends on the presence of pp65. We hypothesized that the proteins with a molecular mass of between 75 and 100 kDa that were missing in v65stop particles might be tegument proteins. Therefore, we examined the tegument composition of v65stop virions by Western blot analyses using various antibodies raised against HCMV tegument proteins ( Fig. 2B ; Table 1 ). Equal loading of wild-type, v65stop, and v65rev virions was controlled by using the MCP signal as a reference. Furthermore, pUL48 and the very abundant tegument protein pUL32 showed comparable signal intensities, confirming our previous results ( Fig. 2A) , namely, that the levels of pUL48 and pUL32 do not seem to be altered in particles of the pp65 stop mutant. In contrast, probing with a pUL69-specific polyclonal antibody revealed that pUL69 was not present in virions of the v65stop (20) , which in turn might lead to an altered incorporation of pUL97 into v65stop particles. Therefore, we tested the presence of pUL97 in virus particles using a previously described polyclonal antibody against pUL97 (20) . Figure 2B shows that pUL97, a tegument protein with low abundance, could be detected in wild-type as well as v65rev virions but not in v65stop virions. These data suggested that the interaction of pp65 and pUL97 could be important for pUL97 incorporation into virus particles. Given the noticeable reduction in the levels of pUL25 and the absence of pUL69 and pUL97 in v65stop virions, we investigated whether changes of the intracellular expression levels of these proteins in v65stop-infected HFF could be responsible for the observed incorporation defects. As shown in Fig.  2C , most tested proteins, including pUL69, were expressed in similar amounts in cells infected with wild-type, v65stop, and v65rev viruses except for the considerably higher protein levels of pUL25 in lysates of v65stop-infected cells ( Fig. 2C; Table 1 ). These data suggest that incorporation of pUL69 into virus particles is abolished in the absence of pp65 irrespective of unaltered expression levels of pUL69 in v65stop-infected cells. In contrast to pUL69, pUL25 was still detectable, although drastically reduced, in particles of v65stop, indicating that pp65 is required but not essential for the incorporation of pUL25 into virus particles. In turn, the diminished virion incorporation of pUL25 is accompanied by an accumulation of pUL25 in v65stop-infected cells.
The intracellular expression of pUL97, including the various phosphorylation forms of pUL97, seem to be slightly reduced in v65stop-infected cells ( Fig. 2C ; Table 1 ). Interestingly, some of the phosphorylation forms of pUL97 which are present in wild-type-and v65rev-infected cells could not be detected in cells infected with the pp65 stop mutant.
Direct interaction of pp65 and pUL69. In order to elucidate why pUL69 was not incorporated into v65stop virions, we investigated whether there was a direct interaction of pp65 with pUL69. Lysates of mock-, wild-type-, or v65stop-infected cells were subjected to immunoprecipitation with antibodies specific for pp65 or pUL69 and then analyzed by Western blotting. As shown in Fig. 3A (left panels), pUL69 was specifically detected in immunoprecipitates from wild-type virus-infected HFF cell lysates using the anti-pp65 antibody but not in those from mock-or v65stop-infected cell lysates, providing evidence for the specificity of that interaction. The experiment was repeated by immunoprecipitation with an antibody specific for pUL69 (Fig. 3A, right panels) , and again pp65 was coprecipitated from lysates of wild-type virus-infected cells, confirming the interaction. Western blot analysis of the lysates using the same antibodies for detection of the specific proteins is shown in Fig. 3B . From these results, we concluded that pp65 and pUL69 interact to form a complex during HCMV infection. However, it could not be excluded that other proteins are involved in the complex formation.
Therefore, we performed a pull-down experiment with lysates of cells transfected with expression plasmids for pUL69 and pp65 (Fig. 4) . Figure 4A shows that pUL69 was specifically coprecipitated with pp65 from lysates of pp65/pUL69-cotransfected 293T cells using an antibody specific for pp65. Reciprocally, we were able to detect pp65 in immunoprecipitates of pp65/pUL69-cotransfected cells using an antibody directed against pUL69 (Fig. 4A, lower panel) . In immunoprecipitates of singly transfected cells or in the Sepharose A bead controls, no specific signals were detected, proving that the detected signals for pUL69 or pp65 were not caused by an unspecific binding of the antibody or binding to the Sepharose A beads used for the pull-down assay. These results were reproduced by using a plasmid expressing a Myc epitope-tagged pp65 and an antibody specific for the Myc epitope (data not shown). It is generally believed that pp65 is a very "sticky" protein that easily binds to other viral or cellular proteins. However, in coimmunoprecipitation experiments with an expression plasmid for the tegument protein pp150, no interaction with pp65 could be observed (Fig. 4B ). This provided further evidence for the specificity of the pUL69-pp65 interaction. From these experiments we concluded that pp65 and pUL69 directly interact during HCMV infection and that this interaction does not require the presence of other viral proteins. Electron microscopy of human fibroblasts infected with wild-type and v65stop viruses. We wanted to characterize by electron microscopy the morphological phenotype of our pp65 stop codon mutant in human fibroblasts and also endothelial cells by using high-pressure freezing and freeze-substitution. Fibroblasts and HUVEC were grown on sapphire disks, infected with an MOI of 1 PFU/cell, and fixed by high-pressure freezing on day 5 p.i. Different stages of virus morphogenesis of the pp65 stop codon mutant were indistinguishable from those of wild-type-infected human fibroblasts (Fig. 5A to D) and HUVEC (data not shown) except for the complete absence of DBs in v65stop-infected cells. Even when many virus particles were examined at a higher magnification, the thicknesses and structures of the teguments of v65stop and wildtype particles appeared overall to be indistinguishable (Fig. 5C to F). From these results we concluded that in accordance with published results, morphogenesis and tegumentation of virions in human fibroblasts and endothelial cells are not affected in the absence of pp65.
Growth characteristics in HFF, HUVEC, and macrophages. We first compared the kinetics of replication for wild-type, v65stop, and v65rev viruses in HFF at two different MOIs. Irrespective of whether we used a high MOI of 10 PFU/cell (Fig. 6A) or a low MOI of 0.01 PFU/cell (Fig. 6B) , the pp65 stop codon mutant replicated to titers virtually identical to those of the wild-type or revertant virus. There was also no detectable difference in the onset or the kinetics of virus production between the wild-type, v65stop, and v65rev viruses. These results were in agreement with those of earlier studies of an UL83 deletion mutant of HCMV strain AD169 (34) . We similarly evaluated the growth properties of the pp65 stop codon mutant in endothelial cells. This had not been possible with the previously generated UL83 deletion mutant based on the nonendotheliotropic strain AD169. As for HFF, the replication kinetics of v65stop were identical to those of the wildtype and v65rev viruses (data not shown). These results show that pp65 does not play a major role in virus production and release from infected fibroblasts or endothelial cells in vitro.
Finally we compared viral growth of the wild type, v65stop, and v65rev in MDM using an MOI of 1 PFU/cell. This approach was chosen since macrophages play an essential role both in the host immunity and in HCMV infection. The v65stop mutant replicated to titers 20-to 100-fold lower than those for wild-type or revertant viruses in MDM (Fig. 7A) . The mutant also displayed a delay in production of infectious particles compared to wild-type and revertant viruses, with the peak production at around day 7 p.i. Surprisingly, virus yields of v65stop declined starting at day 7 p.i. until no infectious virus could be detected, while virus yields of wild-type and revertant viruses remained high until the end of the experiment. The wild-type and revertant viruses exhibited nearly identical growth kinetics, indicating that the mutation was successfully repaired and that the phenotype of v65stop in MDM was due to the substitution mutation and not to another potential mutation in the genome. To determine whether the delay in virus production of v65stop in MDM was caused by a decreased infectivity of that mutant, we infected MDM with the wild type, v65stop, and v65rev at an MOI of 1 PFU/cell and determined the percentage of IE-positive cells at 24 h p.i. (Fig. 7B) . Interestingly, the percentage of IE-positive cells was up to fivefold lower in the case of v65stop compared to the wild type and v65rev viruses. An infectivity defect of v65stop as in MDM was never observed in HFF, showing that the delayed and decreased production of infectious particles of v65stop was at least in part caused by a decreased ability of the pp65 stop mutant to infect MDM.
DISCUSSION
The HCMV tegument was long regarded as an unstructured depository for different proteins. It has since become evident that some of the more than 25 viral tegument proteins are involved in virion formation, virus transport, immunomodulation, and transactivation (26) . The existence of a complex network of protein-protein interactions relevant for virus morphogenesis and virus egress is generally accepted but has been only partially proven, mostly with alphaherpesviruses (reviewed in reference 23). Analysis of virus mutants unable to express individual tegument proteins is a potent tool to determine the function of those proteins in virus infection, replication, and morphogenesis. Interestingly, some of the tegument proteins have been shown to be essential for virus growth in cell culture, while others are dispensable or lead to altered growth kinetics (12, 42) . Furthermore, recent investigations of pseudorabies virus mutants suggested that deletion of single tegument proteins can lead to a global alteration of the virion composition (24, 25) .
Concerning HCMV, it is still unclear how the lack of individual tegument proteins is structurally and functionally compensated for and how the resulting structure of the tegument is altered. In our present study, we could show that when the major tegument protein pp65 of HCMV is not expressed, incorporation of other HCMV tegument proteins is inhibited or altered. In the absence of pp65, we found drastically reduced levels of the abundant tegument protein pUL25 in virus particles and, more strikingly, a complete abolishment of the incorporation of minor viral proteins pUL69 and pUL97 into virions. The altered virion incorporation of pUL69 and pUL25 was not caused by reduced expression levels of those proteins in infected cells, which suggested an either direct or indirect interaction with pp65. In fact, a direct interaction of pp65 and pUL69 could be shown for both infected and transfected cells. We further could show evidence that the previously found interaction of pp65 and pUL97 (20) seems to be important for proper intracellular expression of pUL97, in addition to the finding that pp65 is crucial for the incorporation of pUL97 into the virion. These results lead us to conclude that the incorporation of pUL69 and pUL97 is dependent on the presence of and interaction with pp65.
It had been shown by other authors that pUL69 forms a complex with the tegument proteins UL47, UL48, and MCP in infected cells (6) . Since pp65 was not included in those investigations, we hypothesize in view of their and our results that pp65 might be a part of that complex. It is also not clear from previous investigations which of the proteins of that complex interact directly with each other. Our results, however, clearly demonstrate that pUL69 and pp65 interact directly with each other without the need for other viral proteins. The specificity of this interaction was verified by including the tegument protein pp150 in our investigations, which had been shown not to be a component of the pUL69/UL47/UL48 complex (6). More investigations are certainly needed to fully elucidate the complexity and specificity of the protein-protein interactions required for the correct formation of this complex and finally for the incorporation of these proteins into virus particles.
It has also been reported that pp65 directly interacts with the viral protein kinase pUL97 (20) which is also a minor constituent of the viral tegument (38) . These data together with our data suggest that pp65, pUL69, and pUL97 form a complex in infected cells. Similarly to that of pUL69, incorporation of pUL97 into virus particles was dependent on the presence of pp65 (this report), thus suggesting that the direct interaction with pp65 is needed for the uptake of pUL97 into virions. In infected cells pUL97 is present in several phosphorylation forms (17, 38) . However, only one species seems to be incor- porated into virions (reference 38 and this report). Our data indicate that in the absence of pp65, phosphorylation of pUL97 seems to be altered. Some of the phosphorylation forms of pUL97 detected in wild-type-infected cells were less present in v65stop-infected cells. It could be now hypothesized that either the autophosphorylation of pUL97 or phosphorylation by cellular kinases such as the Polo-like kinase 1, which is known to interact with pp65, is affected (14, 17) . In contrast to the case for pUL69 and pUL25, intracellular pUL97 levels seem to be slightly reduced in v65stop-infected cells compared to wild-type-and revertant virus-infected cells. It is possible that the stability of pUL97 is affected in the absence of pp65. The stability of pUL97 could be increased through the direct interaction with pp65 or a different pUL97 phosphorylation status. The effects of pp65 on pUL97 are very interesting, and work is in progress to identify the mechanisms involved.
The function of pUL25 during HCMV infection is still not understood. It is a nonessential tegument protein that localizes at sites of the HCMV assembly complex late during infection and also accumulates in granular formations particularly condensed near the nucleus (5, 43) . The absence of pp65 was also found to have an impact on the efficiency of incorporation of pUL25 into viral particles, while pUL25 accumulated to higher levels in cells infected with v65stop compared to wild-type and revertant viruses (Fig. 3) . This result is in line with investigations of the viral protein kinase pUL97, providing evidence for an interaction of pp65 and pUL25. Blocking of the kinase function of pUL97 led to formation of nuclear inclusions in infected cells, which are composed mainly of pp65 and pUL25 (28) . The formation of such inclusions was dependent on pp65, because they were not formed in the absence of pp65 (28) . However, the evidence for a potential interaction of pp65 and pUL25 has to be verified by colocalization and coimmunoprecipitation studies.
Our observation that pUL25 can still be detected in virus particles of the pp65 stop mutant suggested that the incorporation of pUL25 into virions is not entirely dependent on the presence of pp65 and that other, so-far-unknown mechanisms or interactions promote pUL25 incorporation. It has been reported that pUL25 species of different molecular weights are expressed during infection, while only one form of pUL25 can be found in virus particles (5) . Together with published results showing that pUL25 is phosphorylated (5), this favors the hypothesis that the phosphorylation status of pUL25 may be important for the incorporation into viral particles. Interaction of pp65 with the viral kinase UL97 (20) and also with the cellular Polo-like kinase 1 (14) might bring those kinases into close contact with other tegument proteins and thereby could explain why tegument proteins such as pp28 are hypophosphorylated in virus particles of the previously generated pp65 deletion mutant (34) .
It has been shown previously that the deletion of pUL69 causes a delay in viral growth. This delay could be overcome by infection with mutant virus particles produced by infection of a complementing cell line and thus carrying pUL69 within the infecting particle (16) . These data indicated a function of pUL69 in the onset of viral replication, by inducing a cell cycle arrest in the G 1 phase and/or by transactivating the IE gene promoter (22, 41) . We found a slightly (up to twofold) reduced transactivation of the IE promoter by purified particles of our pp65 stop mutant in an IE transactivation assay (data not shown). However, this transactivation defect did not have an impact on viral growth, since a delayed replication as previously shown for a UL69 deletion mutant was not found (Fig. 6 ) (16) . In further Western blot analysis, no difference in IE levels could be found (data not shown), suggesting that pUL69 presence in the infecting particles is not required for an efficient onset of IE gene expression, at least in cell culture. Taking into account that newly synthesized pUL69 can be detected as early as 7 h postinfection (41), it is very reasonable to assume that de novo-synthesized pUL69 complements for the lack of pUL69 in particles of the pp65 stop codon mutant and thereby compensates a biological effect of the lack of pUL69 in the infecting particle.
The complete absence of DBs in HFF as well as in endothelial cells infected with the pp65 stop mutant (Fig. 5) is consistent with the phenotype of the previously published pp65 deletion mutant of HCMV strain AD169 in fibroblasts (34) . Interestingly, a thorough examination of the morphology of virus particles of the v65stop mutant using the new electron microscopy methodology of high-pressure freezing and freezesubstitution did also not reveal any significant difference in the appearance of the viral tegument compared to that of wild-type virus. This is astonishing considering the fact that the major tegument component is missing in these viral particles. From our data we cannot entirely exclude that other viral proteins compensate for the missing proteins in v65stop virions; however, our analysis did not reveal a substantial increase of a single or several viral proteins in the silverstained SDS gel.
Our finding of the severe growth defect of v65stop in MDM was very surprising, since this mutant exhibited no defect in all other cell types tested so far. The delayed and reduced production of virus particles in MDM was at least in part caused by a reduced ability of v65stop to infect MDM. The question still remains as to the involvement of pp65, pUL69, pUL97, or pUL25 in the early stages of infection, including entry into MDM. Work is in progress to investigate that in more detail.
Finally, it is noteworthy that production of infectious particles of v65stop declined after day 7 p.i., while wild-type and revertant virus-infected MDM produced constant yields of infectious particles. These data cannot be entirely explained by the reduced infectivity of v65stop of MDM. Therefore, it is feasible that pp65 might also play a role in the late stages of infection, at least in macrophages.
In summary, we could show for the first time that pp65 is important for efficient infection and obviously for the maintenance of infection in biologically relevant cell types such as primary macrophages. Furthermore, we could show that incorporation of the tegument proteins pUL69 and pUL97 is dependent, and incorporation of pUL25 is partially dependent, on the presence of pp65. This again proves the relevance of specific interactions between different tegument proteins, which we could show for pp65 and pUL69. Further studies are needed to elucidate the obviously complex and multiple interactions existing between tegument proteins with regard to the functions of these interactions in the infected cell, during morphogenesis, and for the morphological integrity of extracellular virions. 
